On the pressure effect in energetic deposition of Cu thin films by modulated pulsed power magnetron sputtering: A global plasma model and experiments J. Appl. Phys. 117, 203302 (2015) Ultrathin copper (Cu) layers are in continuous demand in several areas, such as within microelectronics and space, as well as in instrumentation technology requiring an electrical resistivity as low as possible. However, the performance of modern copper connections is limited by the size-dependent value of the film resistivity, which is known to increase when the layer thickness is reduced to a few tens of nanometer. In this work, the authors have successfully deposited Cu thin films from 20 to 800 nm exhibiting reduced electrical resistivity by using a high power impulse magnetron sputtering (HiPIMS) process. The electrical and microstructural properties of such films were compared to samples deposited by conventional direct current magnetron sputtering (DCMS) within the same thickness range. For films as thin as 30 nm, the electrical resistivity was reduced by $30% when deposited by HiPIMS compared to DCMS, being only three times larger than the copper bulk value. The HiPIMS Cu films exhibit larger grain size and reduced grain boundary density, which reduce the scattering of charge carriers and thereby the resistivity of the thin film. These larger grains are likely due to the highly ionized precursor flux of the HiPIMS discharge, which in the present work is controlled by an external substrate bias.
I. INTRODUCTION
As a bulk material, copper is one of the most employed metals in the manufacturing industries for a variety of applications due to its high electrical and thermal conductivities. In the last decades, this metal has also attracted much interest as a thin and ultrathin film material, which was driven by the increasing demand for nanoranged downscaled electrical, electronic, and magnetic devices. 1 For instance, copper is replacing aluminum and its alloys as an interconnect material in submicron ultralarge scale integrated circuits, since it presents lower bulk electrical resistivity (q Cu ¼ 1.67 vs q Al ¼ 2.65 lX cm), better electromigration resistance, higher melting temperature (T Cu ¼ 1360 vs T Al ¼ 930 K), and higher resistance under stress failures. [1] [2] [3] [4] [5] Copper thin films have also been studied to be used as a spacer layer between two ferromagnetic layers in spin valve structures based on the giant magnetoresistance (GMR) effect, for magnetic field sensors and read-out heads in high density magnetic recording, microelectromechanical systems, and magnetic randomaccess memory. [6] [7] [8] Continuous efforts are being made in terms of increasing the performance of such devices, which is strongly dependent on the microstructure, electrical properties, and growth process of copper films. The interest of having ultrathin copper layers with electrical resistivity as close as possible to the bulk value is central for the proper functioning of microdevices, since high resistivity results in larger heat dissipation and interconnect delay, which limits operation in high frequency circuits. 9 However, as the required dimensions reach the nanoscale, the increase in electrical resistivity of a metal thin film is expected. 10 This size-dependent regime is reached when the thickness of the film becomes comparable to the electron mean free path for electron-phonon collisions (39 nm for copper), resulting in a dramatic increase of the resistivity above that of the bulk material, even at room temperature. 9, 11, 12 It is associated with free-electron scattering at external surfaces and higher grain density resulting in internal free-electron scattering at grain boundaries, as well as other minor factors as inhomogeneous film growth, decreased island growth, surface roughness, impurities, and poor film crystallinity. 4, [12] [13] [14] [15] [16] Indeed, previous works have shown that the resistivity of copper thin films increases from bulk value to several lX cm when the layers are in the a) Electronic mail: felipe.cemin@u-psud.fr nanoscale range. 3, 5, 10, [17] [18] [19] Therefore, the understanding and control of this size-dependent phenomenon is a major concern and a key issue to the entire microelectronics industry, since copper is expected to continue dominating the interconnect technology. 9, 11 Most copper thin films are grown by physical vapor deposition (PVD) processes, in particular, by conventional direct current magnetron sputtering (DCMS), [2] [3] [4] 17, [20] [21] [22] and by metal-organic chemical vapor deposition (MOCVD). 15, [23] [24] [25] Compared to the conventional PVD processes, the copper films deposited by CVD exhibit a better step coverage and higher deposition rates. However, MOCVD requires a complicated processing system with the use of metal organic compounds, higher deposition temperatures ($180-400 C), and the need of a postannealing process to improve the thin film smoothness, crystallinity, and electromigration. 15, 23 A promising alternative deposition method is a PVD process called high power impulse magnetron sputtering (HiPIMS), 26, 27 which generates a high ionization fraction of the sputtered vapor (typically >50%) during the pulse. 27 The high ionization fraction results in better control of the film growth, even at room temperature, as it allows for control of the energy and direction of the film-forming species, which affects the phase composition, microstructure, and final properties of the resulting film. 26, 28 This is a significant advantage over DCMS, where the sputtered vapor consists mainly of neutral species. 29 However, no reports were found concerning the electrical and microstructural properties of ultrathin copper films grown by HiPIMS. It should be mentioned that Cu films have been deposited by HiPIMS for other purposes. [30] [31] [32] Therefore, in the present work, we have grown copper thin and ultrathin films by DCMS and HiPIMS and systematically studied and compared their electrical and microstructural properties as a function of thickness and deposition process, with the ultimate goal of reducing the resistivity of copper layers in the size-effect regime ( 100 nm).
II. EXPERIMENT
The studied copper thin films were deposited onto p-type doped Si (100) substrates (q Si ¼ 8-16 X cm) using both DCMS and HiPIMS configurations. All experiments were carried out in a custom build vacuum chamber evacuated by a turbomolecular pump to a base pressure below 3 Â 10 À4 Pa. The deposition system is equipped with a Lesker Torus 2 in. top-mounted water-cooled magnetron, which is operated by a HiPIMS power supply (HiPSTER 1, Ionautics, Sweden) or a DC power supply (SR1.5-N-1500, Technix, France). The deposition system also includes a load-lock chamber for transferring samples and a movable sample holder facing the target, which is connected to a negative DC bias power supply (SR1-N-300, Technix, France). The target to substrate distance was fixed at 9 cm for all experiments.
Prior to film deposition, each Si substrate was cleaned ultrasonically in acetone (30 min) and isopropanol (30 min) and then loaded into the deposition chamber. All the samples were Ar ion etched for 5 min at a total pressure of 1.5 Pa using a 13.56 MHz radio-frequency (RF) power supply with an incident power of 100 W (without magnetron operation). The RF plasma was generated in a metal coil placed in situ just above the samples, and the Ar ions were accelerated toward to the substrates by applying a DC bias voltage of À300 V to the sample holder.
Subsequently, the copper films were grown using Ar (99.997% purity) as a neutral gas to bombard a copper target of 50.8 mm in diameter and 3 mm thickness (99.99% purity) at a total pressure of 0.5 Pa. An average power of 100 W was kept constant in all experiments for both DCMS and HIPIMS configurations. For the DCMS experiments, the target voltage during the discharge was 400 V, and the target current was 250 mA. For the HiPIMS experiments, square voltage pulses of À650 V with 40 ls pulse-on time and a pulse frequency of 500 Hz (duty cycle of 2%) were applied to the cathode. The average peak current value was 20 A (peak target current density of 1 A cm
À1
). The recorded discharge pulse characteristics for typical HiPIMS conditions investigated in the present work are shown in Fig. 1 , along with the constant voltage and current values of the typical DCMS discharge. Different deposition times were used in order to change the film thickness, varying from 30 s to 18 min in the DCMS experiments and from 1 to 30 min in the HiPIMS experiments. The substrate bias voltage value was kept constant at À100 V for all samples during both deposition processes. No intentional substrate heating was used, although thermic effects can be important during long depositions, due to bombarding energetic particles.
The thickness of the copper thin films and their microstructure were determined by scanning electron microscopy (SEM) by analyzing the cross-section of the samples using an ultrahigh resolution cold emission FE-SEM Hitachi SU8000. For the ultrathin copper films (<130 nm thick), the thickness was also confirmed by x-ray reflectometry (XRR) using a PANalytical X'pert Pro diffractometer in parallel beam configuration. The film surface morphology was examined by atomic force microscopy (AFM) using a DiInnova microscope (Bruker) operated in contact mode. The root mean square (RMS) roughness and the average grain size were estimated over AFM images with an area of 2 Â 2 lm 2 with the image analysis tools of the WSXM software. 33 The thin films' electrical resistivity was measured at room temperature by the four-point probe method, with a Keithley precision current source and a Keithley nanovoltmeter, on two different setups: first with a Jandel multiheight cylindrical probe and second by placing four probes at the corner of the sample in the so-called van der Pauw configuration. Equation (1) was used to obtain the electrical resistivity q of the copper thin films in both methods, which is related to the thickness h of the copper layer, the current I passed through the outer probe tips, and the voltage V measured between the inner probe tips. The resistivity values found by the van der Pauw method were in good agreement with the values measured by the four-point probe method. Thus, the final resistivity values reported in this work are average values obtained for each sample using both methods and based on approximately six measurements
We also investigated the low temperature effect on the resistivity of ultrathin ($60 nm thick) copper films grown by DCMS and HiPIMS, using a Linkam temperature controlled stage. The temperature was decreased at 10 K min À1 using liquid nitrogen from 293 K (room temperature) to 120 K. The process was interrupted every 2 min in order to collect the electrical data using the van der Pauw method.
III. RESULTS AND DISCUSSION

A. Overview
Typical cross-sectional SEM images of two Cu samples are shown in Figs. 2(a) and 2(b), illustrating the microstructure of copper thin films grown by DCMS (5 min) and HiPIMS (11 min), respectively. Both images exhibit a compact $300 nm thick layer deposited on top of the silicon substrate. However, the structural evolution during film growth seems to differ for the different deposition processes for the same film thickness. The DCMS film exhibits a fibrous columnar structure [ Fig. 2(a) ] with small grains protruding from the top surface, while the microstructure of the HiPIMS films appears denser (globular grains), with a smoother top surface [ Fig. 2(b) ]. The respective microstructures shown in Fig. 2 are typical for all the DCMS and HiPIMS Cu films studied in this work, although the Cu thickness of the deposited samples varied in the submicrometric range. Such differences with generally smoother and denser thin films when using HiPIMS as compared to DCMS have previously been reported by Samuelsson et al. 34 when investigating eight different metal coatings, including Cu. Figure 3 shows the film thickness as a function of deposition time for the samples deposited by DCMS and HiPIMS. As expected, the film thickness increases with deposition time for both techniques, due to accumulation of deposited material over time. The linear behavior is characteristic of time-dependent growth of metallic films by sputteringdeposition technologies and allows us to obtain a reliable and reproducible growth rate of the deposited films. In this work, the deposition rate of Cu films was found to be 28 6 0.5 nm min À1 for HiPIMS and 61 6 1.5 nm min À1 for DCMS, i.e., the relative HiPIMS/DCMS deposition rate was approximately 47%. Similar relative deposition rates of Cu have earlier been reported in the literature, with values lying between 40% and 60%, depending on the different experimental setups. 34, 35 There are several reasons for the 
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reduction in deposition rate in HiPIMS, but the main mechanism is likely back-attraction of metal ions to the target due to an extended plasma presheath followed by self-sputtering, which causes a reduction in the amount of sputtered particles reaching the substrate. 36 Other effects are discussed in detail elsewhere. 5 and is typical for deposition of high mobility metals. 37 It is attributed to surface energy minimization during film growth at longer times, which means that fine grains evolve during the coalescence and coarsening processes and continues to evolve by grain boundary motion as the film thickness increases, which reduces the total grain boundary area (and energy). 37 However, it is important to note that the HiPIMS Cu films are composed of larger grains compared to the corresponding DCMS films at the same average thickness, confirming what was also observed in the SEM images (Fig. 2) . Table I presents the estimated average grain size of each sample shown in Fig. 4 . Taking all measurements into account, the HiPIMS/DCMS grain size fraction varies between 1.7 and 2.1, which means that, roughly, the grains formed in the HiPIMS films are twice the size of the grains of the DCMS films. More detailed grain size investigations using XRD analysis are being carried out and will be addressed in a future paper, which will investigate the fundamentals of Cu films during the early stages of growth (which is out of scope of the present paper).
In all cases, the RMS roughness increases with the thickness of the studied Cu films, as shown in Table I . It is associated with the increase in grain size at higher deposition times, i.e., at larger film thickness, as observed in the AFM images (Fig. 4) and discussed elsewhere. 5 One can notice small differences in the RMS roughness values of DCMS and HiPIMS films with the same average thickness (direct comparison of columns 3 and 6, Table I ). The $120 nm thick films appear to be rougher when deposited by HiPIMS than by DCMS, which may be associated with the large grains present in the films deposited by the pulsed technique. On the other hand, for thicker coatings, HiPIMS films have somewhat smaller roughness, which has often been reported in the literature. 28, 38 The large grained, dense, columnar morphology found in the HiPIMS Cu films is related to the increased adatom mobility and enhanced diffusion processes, which are typical in this type of discharge, due to the high amount of ions in the flux of the sputtered material. 26 Moreover, the pulsed character of the deposition process also changes the growth kinetics 39 and favors surface reorganization between pulses. It results in increased self-diffusion of surface and grain boundaries promoting grain coarsening during growth, which ultimately leads to larger grain size. Furthermore, from transmission electron microscopy studies by Petrov et al., 40 it is known that an increase in the ion flux greatly reduces intracolumnar as well as intercolumnar porosity, where it is suggested that the incoming ions collisionally enhance the surface mobility. Kouznetsov et al. Combining the results in Figs. 2 and 4 , it is concluded that for the DCMS case, where the sputtered vapor is mainly constituted by neutrals with a kinetic energy of a few electron volt, the microstructure is characterized by a finegrained structure of textured and fibrous grains, pointing in the direction of the arriving vapor flux and ending with domed tops. Such a microstructure with a high grain density is typical for zone 1 type of thin films according to the original structure zone diagram by Movchan and Demchishin. 43 The HiPIMS films are on the other hand characterized by larger grains due to the increase in energy provided by the ion assistance, which also leads to film densification and possibly renucleation. These features are associated with zone 3 in the revised version of the structure zone diagram, where ion bombardment is included. 44 The top surface is also faceted due to the larger grains.
C. Electrical resistivity
The dependence of the electrical resistivity at room temperature on the thicknesses of Cu films deposited by DCMS and HiPIMS is illustrated in Fig. 5 (closed red squares and blue circles, respectively). For both deposition processes, one can notice an exponential decay of electrical resistivity as the Cu film thickness is increased, which eventually converges close to the bulk value of polycrystalline copper for the thicker films (400 nm thick or more). The thinnest DCMS and HiPIMS Cu films ($30 nm) prepared in this work exhibited the highest resistivity values, 8.2 and 5.8 lX cm, respectively. The observed trends are in agreement with previously reported theories and experiments concerning the size-related scaling of the resistivity of conducting metallic thin films. If we look at the Cu films deposited by DCMS, Chan et al. 3 found an electrical resistivity equal to 14.81 lX cm for the thinnest layer (130 nm thick) studied in their work (open green squares, Fig. 5 ) and Cabral et al. 17 reported a resistivity equal to 9.5 lX cm for a 100 nm thick sputtered Cu film alloyed with chromium 1 at. % (open pink circles, Fig. 5 ). In both studies, the resistivity decreases with increasing film thickness and eventually approaches the bulk value. Nonetheless, Shi et al. 5 obtained Cu films with lower resistivity by using a FCVA technique, with the highest value of 3.6 lX cm for the 25 nm thick film and an average value of 1.8 lX cm for the films with a thickness >135 nm (open orange triangles, Fig. 5) .
The most striking result of the present study is that the electrical resistivity of all HiPIMS films is smaller than the corresponding resistivity values found for the DCMS films (Fig. 5) . The percentage decrease in electrical resistivity is around 30% for the films grown by HiPIMS compared to the DCMS ones, if we consider the films <200 nm thick. It is important to note that the observed decrease in resistivity occurs even for the ultrathin films, which are the most suitable candidates for downscaling microelectronic devices. In addition, the thicker HiPIMS films tend to stabilize their resistivity at $2.3 lX cm, while the same occurs for the DCMS films at $3 lX cm (25% of reduction). Previous reports have also confirmed the variation of resistivity in thin films grown by DCMS and HiPIMS: Samuelsson et al. 28 have shown that chromium thin films grown by HiPIMS have lower electrical resistivity than their counterpart deposited by DCMS ($32% of reduction), and the same trend was observed by Magnus et al.
14 for titanium nitride thin films ($85% of reduction). Finally, one can observe in Fig. 5 that HiPIMS films with thicknesses between 250 and 350 nm exhibit an unexpected resistivity increase. Several samples deposited in different batches were investigated to verify this trend. We currently do not have an explanation for the sudden change in resistivity. Nevertheless, the HiPIMS values are still below the DCMS values even in this thickness region ($10% reduction).
The overall differences in the electrical resistivity obtained by DCMS and HiPIMS (Fig. 5 ) are believed to be related to the previously discussed microstructural differences of the Cu films (Figs. 2 and 4) , which are associated with different grain evolution during film growth in both deposition processes. For the DCMS samples, the small grain size and the large number of grain boundaries are likely responsible for the higher resistivity, because grain boundaries act as scattering centers for free-electrons.
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The HiPIMS films exhibit larger grains, which reduce the grain boundary density and scattering of charge carriers, and thereby improving their mobility and consequently reducing the resistivity of the thin film. 12, 13 The suggestion of grain size governing the free-electron transport in metallic thin films seems to be even more relevant if we look at the almost equal average grain size of the 290 nm thick film obtained by DCMS and the 115 nm thick film obtained by HiPIMS (Table I ). The resistivity values for these two samples are the same, as can be seen in Fig. 5 , horizontal black bold line ($3.4 lX cm). Although not a direct proof, this is an indication of the correlation between the microstructure and the electrical resistivity. In addition, Harper et al. 13 claimed that there is an inverse linear dependence of film resistivity on grain size, which was also verified as a trend for selected samples studied in this work (not shown). The same behavior was demonstrated for Cu films deposited by MOCVD. 45 Finally, Chawla et al.
12 have shown that it is possible to reduce the resistivity by 10%-15% of 30-50 nm thick polycrystalline Cu layers by increasing the average grain size by a factor of 1.8. In the present study, for approximately the same factor, we found a 10%-30% improvement in the resistivity of 30-800 nm Cu films, by modifying the deposition process (HiPIMS vs DCMS).
The results shown in Fig. 5 also allow us to evaluate the electrical resistivity of Cu films depending on the type of PVD process used. One can see that the resistivity of the HiPIMS films is lower than the resistivity of all DCMS films, but higher compared to the FCVA films. As previously discussed, the ionization degree of the cathode material in the HiPIMS discharges is higher than in DCMS discharges, leading to films with larger grains and reduced resistivity. The even better results found for the FCVA Cu films 5 are, in the same way, likely due to the almost fully ionized precursor flux of the FCVA method, 46 which enables acceleration of all impinging particles to the substrate by the use of a substrate bias and ultimately a favorable microstructure, in line with the discussion on ionized film growth in Sec. III B. Even though the HiPIMS values of the Cu thin films resistivity are slightly higher than the ones found for the FCVA films, the worldwide availability of magnetron systems makes the HiPIMS solution more attractive, since it uses conventional magnetron sputtering equipment except for the power supplies.
The electrical resistivity of one set of these ultrathin HiPIMS/DCMS Cu films ($60 nm) was also studied with respect to the operating temperature, due to the interest of investigating the metallicity of the Cu films as well as operating devices such as magnetic field sensors well below room temperature. The results are shown in Fig. 6 . As expected, the resistivity of both copper layers decreases linearly as the temperature decreases. The HiPIMS Cu film has a lower resistivity compared to the DCMS film (30% decrease) at all evaluated temperatures. Note that the slope of the HiPIMS sample is slightly steeper (0.00652 lX cm K À1 compared to 0.00524 lX cm K À1 for the DCMS sample), which indicates a higher metallicity and a better crystal quality of the HiPIMS Cu film. This is especially interesting for applications sensitive to electron scattering from defects such as GMR devices.
IV. SUMMARY AND CONCLUSIONS
We have studied the electrical and microstructural properties of Cu thin and ultrathin films grown by DCMS and HiPIMS. A strong correlation between the electrical resistivity and the grain size was found, where the HiPIMS films exhibit larger grain size (approximately by a factor of 2) and lower electrical resistivity (approximately 30% reduction) compared to the DCMS films of similar thickness. These results were explained in light of the high energetic species produced in the HiPIMS discharges and impinging on the substrate, which affect the adatom mobility and surface and grain boundary self-diffusion during film growth. It leads to a reduction of the total grain boundary area of the deposited samples, and a decreased scattering of free-electrons, resulting in a lower resistivity. An improved conductivity and metallicity of ultrathin HiPIMS films was found also for low temperature operation. The strategy used in the present study to deposit ultrathin Cu films by HiPIMS could be useful for the microelectroelectronic-magnetic industries, which require a reduction of the thickness-dependent resistivity of Cu films in their devices.
